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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Standardized approaches for engineering critical assessment of defected structures contain procedures to evaluate the effect of 
interaction between multiple flaws. These procedures typically consist of two stages; alignment rules and combination rules. The 
former allows to categorize non-coplanar flaws as either aligned or non-aligned. Following, the latter classifies aligned flaws as 
interacting or non-interacting.  Although these criteria are equally applied to different failure modes such as brittle fracture, elastic-
plastic fracture and plastic collapse, most of them were initially developed based on linear elastic fracture mechanics for the sake 
of simplicity and conservativeness. Therefore, the application of these procedures might be questioned when applied to failure 
modes other than brittle fracture. This study attempts to develop an alternative methodology to evaluate alignment of non-coplanar 
side edge notches in tensile loaded specimens in presence of global plastic strains. Hereto, strain patterns are studied experimentally, 
based on full-field deformation measurements utilizing Digital Image Correlation (DIC). The results show that, in addition to crack 
driving force which represents a very local behaviour of defects, the global behaviour of the specimen in terms of strain patterns 
can be used to reveal interaction between non-co-planar flaws.  
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The integrity of structures and components can be adversely affected by the interaction between two adjacent flaws, 
if they are located close enough to each other. Hereby, plastic deformation, fracture controlling parameters and 
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stress/strain fields surrounding the flaws can be significantly different from the case of a similar isolated flaw. 
Consequently, it is often necessary to assess the combined effect of two or more flaws in structural integrity analysis. 
Engineering Critical Assessment (ECA) procedures normally contain set of rules to analyze multiple flaws, which 
typically consist of two sets of criteria, alignment criteria and combination criteria.  If flaws are located in different 
planes (sometimes referred to as non-coplanar, non-aligned, offset or parallel flaws), alignment criteria are first 
evaluated to identify whether flaws are to be analyzed as non-aligned, independent flaws or may be treated as aligned 
flaws. Subsequently, combination criteria allow to define if aligned flaws are to be treated as independent (non-
interacting) or combined (interacting) flaws.  
Alignment rules vary between different ECA procedures ( De Waele et al. (2006)). For instance, in  ASME B&PV 
code Sec XI (2015), the vertical distance between the flaws is compared to the fixed value of 12.5 mm regardless of 
flaw depth and length. In  BS7910 (2015) the direct distance is compared with the sum of the flaw depths, while in 
API 579-1/ ASME FFS-1 (2007)  the vertical distance and horizontal distance are compared with the average of both 
flaw lengths. Although these procedures are applied to various loading conditions and failure mechanisms, they have 
typically been developed based on linear elastic fracture mechanics for the sake of simplicity and conservativeness. 
Nonetheless, the application of these procedures might be questioned when applied to failure modes other than brittle 
fracture. For instance, a recent study by  Tang et al. (2014) showed that in the large strain regimes, interaction rules 
described in BS7910:1999 are non-conservative; while the rules specified in API 1104:2010  can be either non-
conservative or overly conservative depending on flaw spacing. Notably, BS7910:1999 is not the latest version of the 
standard and changes have been made to interaction criteria since then. Kamaya (2011) studied the limit pressure of a 
pipe containing two surface cracks, using finite element simulations and an elastic-perfectly plastic material 
description. The results revealed that the reduction in limit pressure due to interaction was not large compared to 
reductions in stress intensity factor and J-integral. It was also concluded that the influence of flaw interaction on the 
J-integral value depended on the applied load as well as the material properties, and was maximum at 80% of the yield 
pressure.  Hasegawa et al. (2010) studied behaviour of plastic collapse moment for pipes with two similar non-aligned 
flaws, and he concluded that plastic collapse behaviour for short and deep flaws are different with narrow and long 
ones. In the former for the same circumferential distance the maximum load increases with increasing flaws’ axial 
distance while in the latter the maximum load is unaffected by the axial distance. 
Due to the inconsistency in the ECA alignment criteria, various researchers have studied this configuration (e.g.  
Kamaya (2006) ,  Hasegawa et al. (2009) and  Iwamatsu et al. (2013) ). They showed that flaw alignment can be 
dependent on various parameters including horizontal distance, vertical distance, flaw depths and flaw lengths. 
However, due to lack of sufficient studies and some inherent complexities about the behavior of non-coplanar flaws 
in failure modes other than brittle fracture, there is room for investigation of flaw alignment in tough materials 
exhibiting strong plasticity prior to failure.  
In the present study, we propose a novel approach to investigate the interaction of two non-coplanar flaws in the 
high strain regime. To that end, full-field strain patterns in surface flawed tension loaded specimens are experimentally 
investigated. Specimens with two non-coplanar edge notches have been selected as a research tool considering their 
similarity to relevant laboratory specimens for low crack tip constraint scenarios which are gaining strong interest, 
such as the single-edge notched tension test specimen.  
2. Experimental procedure 
2.1. Material and test procedure 
The specimens have been extracted from an API-5L X70 pipeline steel in the L-T direction (with respect to the 
rolling direction) and notched with fine saw-cutting, producing an initial notch tip radius equal to 0.075 mm. In total, 
six specimens were prepared with identical through thickness side edge notches (Figure 1). Among them, five have 
two non-coplanar notches and one specimen contains two coplanar notches, this is a typical double-edge notched 
tension specimen.  In figure 1, H denotes the out of plane distance between both notches, 2W the specimen width, and 
T = W is the specimen thickness. H/W was varied from 0 to 3; notch depth a was kept constant at 0.4W. Specimen 
total length and daylight length were kept at 20W and 14W, respectively. 
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Fig. 1. Overview of specimen’s geometry. 
The specimens were clamped by employing hydraulic grips and then loaded in constant displacement rate mode 
(0.02 mm/sec). The tests were continued beyond the maximum force and stopped when the force dropped back to 
85% of its maximum. 
2.2. Digital Image Correlation (DIC)  
To investigate the full field deformation behavior of the specimens, a digital image correlation (DIC) system has 
been employed. Pictures were captured using a stereoscopic system provided by Limess Messtechnic & Software 
GmbH consisting of two synchronized monochromatic 14 bit cameras having a resolution of 2452 by 2054 pixels (5 
Megapixels). Deformation and strain analysis has been performed by using the VIC3D software (version 7.2.4) 
supplied by Correlated Solutions Inc.  
Initially, a thin layer of white elastic paint was applied to the frontal surface (depicted in Figure 1), followed by the 
application of a random pattern of black speckles. The procedure was optimized to obtain high contrast speckles with 
a rough size of 3 by 3 camera pixels. Then, to obtain high contrast digital images, the illumination was optimized to 
provide uniform light density and avoid localized reflection or shadows. The stereoscopic system was calibrated by 
analyzing a large set of pictures from a devoted known target (calibration grid pattern) in arbitrary positions and 
angles. 
3. Bands of maximum equivalent strain 
The approach introduced in the present paper is based on bands connecting the points of maximum equivalent 
strain between notch tips, or between a notch tip and the opposite specimen surface. This concept is conceptually 
similar to slip-line field theory which predicts trajectories along which critical shear stress of a rigid-perfectly plastic 
material is achieved. Hereby, the resulting local discontinuity in tangential displacement velocity represents an 
infinitely narrow band of plastic deformation. However, for realistic materials, the assumption of original slip line 
theory is invalidated by linear elasticity and work hardening, creating strain bands having a finite width rather than 
lines of discontinuous displacement.  
3.1. Calculation of equivalent strain 
In this study, equivalent plastic strain based on von Mises theory is opted for to describe the strain concentration 
bands around the two adjacent flaws. Assuming monotonic loading, points of maximum equivalent (von Mises) plastic 
strain relate with points of maximum equivalent (von Mises) stress, as both are related according to the work hardening 
observed in uniaxial tensile loading. Equivalent plastic strain (εpeq) is a monotonically increasing scalar value calculated 
incrementally as a function of the plastic component of the rate of deformation tensor: 
0
ptp
eq eqdt   in which      
2( )
3
p P P
eq ij ij                                               (1) 
1248 Kaveh Samadian et al. / Procedia Structural Integrity 5 (2017) 1245–1252
4 Kaveh Samadian/ Structural Integrity Procedia  00 (2017) 000–000 
Since equivalent plastic strain is a strain tensor invariant, it can be assumed that the coordinate system is oriented 
along the direction of principal strains (denoted as εp1, εp2 and εp3) and then Eq. (1) can be written as follows: 
 
2 2 2
1 2 3
2 (( ) ( ) ( ) )
3
p P P P
eq                                                   (2) 
Since experimental strain measurements such as DIC do not allow to distinguish between plastic and total strain, 
the contribution of elasticity to total strain is neglected in this study. In other words, Eq. (2) is used for equivalent total 
(rather than plastic) strain. Similar assumptions have been adopted in other studies supported by full-field strain 
analysis, e.g.  Fagerholt et al. (2012);  Hertelé et al. (2016). Finally, by assuming incompressibility and substituting ε3 
with –(ε1+ε2), the following relation is obtained for equivalent strain eq. 
 
2 2
1 2 1 2
4 (( ) ( ) )
3eq
                                                    (3) 
In conclusion, Eq. (3) allows to calculate equivalent strain on the basis of principal surface strains, which can be 
readily measured by means of DIC. 
3.2. Algorithm to determine and characterize bands of maximum equivalent strain  
The procedure to calculate equivalent strain was applied within the area of interest, discretized into a grid of points 
at which principal strain values were extracted. Then, by comparing equivalent strain values of all grid points within 
a vertical line perpendicular to the load direction, the point of maximum equivalent strain in each line was obtained 
(Figure 2). Connecting these points for adjacent vertical lines creates a trajectory that follows the band of maximum 
equivalent strain. This process was carried out by employing a devoted code in MATLAB®.  
 
 
Fig. 2. Graphical summary of procedure to obtain and characterize bands of maximum equivalent strain connecting notch tips. 
In this study, strain bands are depicted in the coordinate system of the un-deformed specimen (i.e., the grid itself 
does not move), for the sake of simplicity. Subsequently, bands of maximum strain connecting notch tips were divided 
into two separate bands at specimen mid width, as if the double edge notched specimen acts as two tangent single-
edge notched specimens. Then, each band was mathematically described by means of two techniques: linear regression 
analysis with the aim to determine the average angles of the bands with respect to the longitudinal direction (α1 and 
Concentration of equivalent
plastic strain
Extracting nodes equivalent 
plastic strain from a grid
Connection of maximum 
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Strain band’s angle analysisMidpoint
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α2 in Figure 2), and average curvature analysis in which best fitting circles were defined. In the latter case, strain band 
curvature was characterized as the inverse of the circle radii (R1 and R2 in Figure 2). 
These characteristics were then used to identify the presence or absence of interaction between both notches, as 
discussed below. 
4. Results and discussion 
4.1. Equivalent strain patterns 
Full field deformation patterns are studied in this paper to identify the interaction between two non-co-planar side 
edge notches by employing equivalent strain measurements. Figure 3 shows the equivalent strain patterns of the six 
tested samples at maximum force. Note that the magnitude of maximum force varies for the different specimens due 
to differences in notch out of plane distance. It is seen that, by increasing the out of plane distance (H/W), the strain 
patterns evolve from quasi-circular symmetric patterns in H/W=0 to a pattern with a maximum strain value at the core 
of the strain band connecting the notch tips around H/W, after which the strain concentrations start to separate at 
H/W=2 and eventually disconnect when H/W=3.  
 
Fig. 3. Equivalent strain patterns in various notches out of plane distances. 
   
Fig. 4. (a) Band of maximum strain trajectory in specimen with H/W=1 and (b) equivalent strain magnitude on the band; (c) band of maximum 
strain trajectory in specimen with H/W=2 and (d) equivalent strain magnitude on the band; (e) band of maximum strain trajectory in specimen 
with H/W=3 and (f) equivalent strain magnitude on the band. 
The visual appearance of the strain patterns reveals valuable qualitative information about the interaction between 
the notches. However, it is hard to judge on subtle differences in flaw interaction, e.g. between H/W = 2/3 and H/W = 
4/3. A more quantitative interpretation has been obtained by applying the methodology introduced in Figure 2, based 
on bands of maximum equivalent strain. Figure 4 compares trajectories of maximum strain for three different cases; 
the upper graphs show the maximum strain trajectories and the lower graphs show the magnitude of equivalent strain 
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along each trajectory. Figure 4 allows for multiple interpretations. Comparing the graphs for different out of plane 
distances indicates that when the notches are close enough, the bands of maximum strain connect to each other and 
when they are sufficiently separated, the bands of the adjacent notches separate, (as was already clear in Figure 3). 
Additionally, the trajectories of maximum strain disclose the concentration of strain, as shown on the lower graphs 
(Figures 4b, d and f). Where there is a connection between the two notches’ bands, there is considerable deformation 
between the two notches which can be interpreted as an interaction effect. With the same analogy, when the bands 
between the notches do not connect to each other, the strain between the two notches is not significant which can be 
interpreted as a non-interacting configuration (compare Figure 4d and f). When it comes to local strain analysis around 
the notches, comparing Figure 4(b) and (d) indicates that for H/W = 1 strain concentration between the notches is 
significantly higher than in any other regions and even higher than the strain near the notch tips. In contrast, for H/W 
= 2, strain in the interacting zone (region between two notches) is less than the notch tips but still higher than at points 
with the same distance from the notch outside the interacting zone.  
  The shape of the strain pattern around the notch tips reveals some degree of interaction as well. The very local 
strain peaks around the notch tips (Figure 4d) are not symmetrical and larger in the interacting zone, while in Figure 
4(f) both peaks are close to symmetrical. Thus, the shape of the trajectory of maximum strain, and the magnitude of 
strain along this trajectory, can unfold additional information about the interaction between two adjacent notches. 
4.2. Analysis of strain band regression angle 
The analysis above is fairly cumbersome and relies on complete information of strains along a complex trajectory 
between the notches. In this and the following section, flaw interaction is investigated based on single quantities that 
describe the shape of the strain concentration band. 
Having extracted bands of maximum strain using the procedure above, lines were fitted by linear regression and 
characterized by their regression line angle. Figure 5a shows the angle (average of 1 and 2 as defined in Figure 2) 
versus Crack Tip Opening Displacement (CTOD) during the test. In general, the angles remain close to constant as 
the test progresses, apart from the case H/W = 2/3 which shows some fluctuations. This can be explained considering 
that the contour of strain pattern in the specimen with H/W = 2/3 has a clear curvature (Figure 3), which makes a linear 
regression analysis less effective and less relevant in this case. 
 
Fig. 5. (a) Regression angle of maximum strain band versus CTOD; (b) Regression angle of maximum strain band at the maximum force versus 
notch spacing. 
Notably, the angle for H/W = 0 is not shown in Figure 5(a) since in this configuration the vertical grid lines along 
which strain values are compared show two maxima, thus posing challenges for the algorithm of section 3.2 to identify 
the bands at the early stage of the test. Nonetheless, since in the late stages one of the notches deformed more than the 
other one, the band of maximum strain could easily be identified at maximum force. This allows to plot output 5(b), 
where the angles of the regression lines (average of 1 and 2) are plotted at maximum force. These are then compared 
with ϕ, the angle of the line connecting the two notch tips, as defined in Figure 1. Angle ϕ is a function of the horizontal 
and vertical distance between the notch tips, and is also adopted by some criteria for non-aligned flaws in present ECA 
guidelines. In Figure 5(b) there are three different trends in strain’s band regression angle in comparison to ϕ. From 
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H/W = 0 to 1, α is less than ϕ; from H/W = 1 to 2 the bands of maximum strain closely follow the straight line connecting 
both notch tips (α=ϕ), and finally from H/W = 2 to 3 the regression angle becomes larger than ϕ and increases again 
to almost 45 degrees. The observation of three distinct regions is in agreement with a previous study by the authors 
evaluating CTOD rather than strain information ( Samadian et al. (2017)). 
The latter can be explained considering that for H/W = 3 the bands arising from the notch tips are separated from 
each other and behave like two isolated notches, for which slip-line field theory would predict an angle of 45 degrees.   
For H/W = 1 to 2, where α is close to ϕ, the bands of maximum strain are intimately connected to each other, and 
there is interaction between the two notches. For lower values of H/W, α deviates dramatically from ϕ, as already 
observed in Figure 3, this divergence hypothetically reveals that the effect of flaw interaction gets a new dimension. 
As the deformation bands turn from highly linear into strongly curved, it is reasonable to assume that crack tip 
constraint is influenced by flaw interaction, on top of the traditionally considered interaction effect on crack driving 
force. Notably, the symmetrical double-edge notched tension specimen (H/W) is known to be an example configuration 
of very high crack tip constraint. The hypothesis is supported by the knowledge that slip lines are curved due to 
bending, which is associated with a state of high crack tip constraint ( Wu et al. (1987)). 
Considering the limitation of linear regression analysis in describing strongly curved bands of maximum strain for 
configurations of small H/W, a curvature analysis is employed as an alternative approach in the section below. 
4.3. Curvature Analysis 
Comparing the patterns between different specimens (e.g., Figures 3 and 4), it is apparent that strain concentration 
bands evolve from a quasi-circular shape for H/W=0 to straighter patterns as out of plane distance increases. 
Considering the inability of a linear regression analysis to describe this evolution, and the possible link with crack tip 
constraint effects, this section explores the ability of the trajectory curvature to describe interaction between two non-
co-planar notches. Hereby, curvature is defined as the inverse of the average radius of two best fitting circles along 
the trajectory of maximum strain as shown in Figure 2, a straight line is associated with zero curvature.  
Figure 6(a) shows the evolution of curvature (average of two fitted circles) during the six performed tests. As 
mentioned earlier, all tests were stopped when the force dropped to 85% of its maximum, which explains why the 
curves stop at different CTOD values. Similar to Figure 5(a), the curvature of the maximum strain bands is fairly 
invariable as the tests progress.  
 
   
Fig. 6. (a) Curvature of the band of maximum strain vs CTOD; (b) Curvature of the band of maximum strain at maximum force vs notch spacing. 
Figure 6(b) plots the bands’ curvature (average of two fitted circles) at maximum force. There is a clear drop in the 
curvature at H/W = 1. Also notable is an apparent similarity between the bands’ curvature in the symmetrically notched 
(highly crack tip constrained) DENT configuration (H/W=0) and configurations with closely spaced notches (H/W = 
2/3 and 1). This supports the hypothesis of a flaw interaction effect of crack tip constraint for small out of plane 
distances. Compared to the linear regression analysis, the curvature analysis shows a more obvious distinction between 
distant and adjacent notches.  
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5. Conclusion 
In this paper, approaches based on evaluating the strain patterns are introduced with the aim to investigate the 
interaction between non-co-planar flaws under plastic deformation. A rigorous analysis of the trajectory of bands of 
maximum equivalent strain, and the magnitude of strains along these bands, allows to clearly distinguish between 
cases of interacting and non-interacting flaws. Two alternative approaches are based on simple geometric 
characteristics of the bands of maximum strain: linear regression angle and degree of curvature. Both approaches 
reveal significant differences in the interaction as out-of-plane distance is changed. Three scenarios have been 
identified. For high out-of-plane distances, there is no interaction. As out-of-plane distance decreases, strain bands 
connect and create an interaction effect on crack driving force (reflected in an increase of strain levels along the bands). 
For very small out-of-plane distances, strain bands become curved, which hypothetically reveals an additional 
interaction effect on crack tip constraint. 
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